The Lyα escape fraction is a key measure to constrain the neutral state of the intergalactic medium and then to understand how the universe was fully reionized. We combine deep narrowband imaging data from the custom-made filter NB393 and the H 2 S1 filter centered at 2.14 µm to examine the Lyα emitters and Hα emitters at the same redshift z = 2.24. The combination of these two populations allows us to determine the Lyα escape fraction at z = 2.24. Over an area of 383 arcmin 2 in the Extended Chandra Deep Field South (ECDFS), 124 Lyα emitters are detected down to NB393 = 26.4 mag at the 5σ level, and 56 Hα emitters come from An et al. Of these, four have both Lyα and Hα emissions (LAHAEs). We also collect the Lyα emitters and Hα emitters at z = 2.24 in the COSMOS field from the literature, and increase the number of LAHAEs to 15 in total. About onethird of them are AGNs. We measure the individual/volumetric Lyα escape fraction by comparing the observed Lyα luminosity/luminosity density to the extinction-corrected Hα luminosity/luminosity density. We revisit the extinction correction for Hα emitters using the Galactic extinction law with the color excess for nebular emission. We also adopt the Calzetti extinction law together with an identical color excess for stellar and nebular regions to explore how the uncertainties in extinction correction affect the estimate of individual and global Lyα escape fractions. In both cases, an anti-correlation between the Lyα escape fraction and dust attenuation is found among the LAHAEs, suggesting that dust absorption is responsible for the suppression of the escaping Lyα photons. However, the estimated Lyα escape fraction of individual LAHAEs varies by up to ∼ 3 percentage points between the two methods of extinction correction. We find the global Lyα escape fraction at z = 2.24 to be (3.7 ± 1.4)% in the ECDFS. The variation in the color excess of the extinction causes a discrepancy of ∼ 1 percentage point in the global Lyα escape fraction.
INTRODUCTION
The Lyα emission line is a widely used probe for the physical properties of the interstellar medium (ISM) and intergalactic medium (IGM). One-third of the ionizing photons from hot stars could be reprocessed into the Lyα emission line through excitation and recombination of the atomic hydrogen gas (Osterbrock 1962) , and thus are sufficiently bright to be detected in galaxies over a wide redshift range out to z ∼ 7. However, Lyα is often heavily attenuated by the dusty ISM around the young stars in star-forming galaxies (SFGs). Compared with galaxies selected by the UV continuum or optical emission lines such as Hα, Lyα emitters (LAEs) are usually recognized as galaxies in an early stage of formation, with smaller sizes, lower masses, lower metallicities, and younger ages (e.g., Hayes et al. 2010; Cowie et al. 2011; Nakajima et al. 2013) . The number density of LAEs increases from z ∼ 2 to z ∼ 3 (e.g., Ciardullo et al. 2012) and has little evolution at z ∼ 3-6 (e.g., Ouchi et al. 2008) , while the ultraviolet (UV) luminosity function (LF) of Lyman-break galaxies decreases rapidly during this period (Bouwens et al. 2015; Finkelstein et al. 2015) , indicating that the LAEs play an important role in the assembly history of galaxies. However, at higher redshift (z > 6), the number density of LAEs suddenly decreases because of the increasing fraction of neutral hydrogen (H I) (e.g., Ono et al. 2010; Santos et al. 2016) .
At z ∼ 2-3, the Lyα emission line can be observed in the optical window, and the amount of ionizing photons that escape from galaxies can be directly measured in the near-UV (Sandberg et al. 2015; Matthee et al. 2016b ). The sizable sample of LAEs at this red-shift range and the available multiwavelength observations allow us to investigate the physical properties of LAEs in detail, including stellar mass, dust attenuation, and star formation rate (SFR), and the correlations of these parameters with the escape fraction of Lyα photons (Hayes et al. 2010; Atek et al. 2014; Matthee et al. 2016a) . By extrapolating these correlations to the highz universe, where the direct detection of ionizing photons is challenging or even practically impossible due to the increasing optical depth of the IGM with redshift, the role of SFGs in reionizing the early Universe can be investigated Bouwens 2016; Matthee et al. 2016b) .
It has been suggested that LAEs significantly contribute to the cosmic reionization in the early universe (Ono et al. 2010; Nakajima et al. 2013) . The shape of the Lyα line profile provides key constraints on the stage of cosmic reionization (Kashikawa et al. 2006; Dijkstra & Wyithe 2010) , and the gradual increase or sharp drop of the number density of LAEs reveals the changes in the ionization state of the IGM (e.g., Malhotra & Rhoads 2006) . Because of the resonant nature of the Lyα emission line, i.e., the Lyα photons are resonantly scattered by surrounding H I, its escape fraction will hold key information on the physical properties and the environment conditions, such as the state of ionization and the distribution of ISM (e.g., Neufeld 1991; Hansen & Oh 2006; Verhamme et al. 2006; Schaerer et al. 2011 ). However, this resonant nature extends the escape path of Lyα photons and then enhances its absorption by dust. In addition, the escape of Lyα photons strongly depends on the relative kinematics of the H II and H I regions, dust content, and geometry (Giavalisco et al. 1996; Kunth et al. 1998; Mas-Hesse et al. 2003; Deharveng et al. 2008; Hayes et al. 2014) , making the determination of the escape fraction to be extremely complex and only empirically done.
Much effort has been dedicated to estimating the Lyα escape fraction in the local and the distant universe (e.g., Deharveng et al. 2008; Hayes et al. 2010; Blanc et al. 2011; Atek et al. 2014; Oteo et al. 2015; Hagen et al. 2016; Sobral et al. 2016b ) by comparing Lyα to other galactic emissions, like Hα (Hayes et al. 2010; Matthee et al. 2016a) , Hβ (Ciardullo et al. 2014) , rest-frame UV (Ouchi et al. 2008; Konno et al. 2016) , far-infrared(FIR; Wardlow et al. 2014) , or X-ray (Zheng et al. 2012) , which indicate the young stars and star formation in a galaxy. Among these tracers, Hα and Hβ are more direct probes of hot, young stars. The Lyα escape fraction can thus be determined by comparing the measurements of emissions from the same stellar population and without any empirical calibrations (Hayes et al. 2010; Ciardullo et al. 2014; Oteo et al. 2015) . However, such measurements are still limited by a small survey area (∼ 56 arcmin 2 ; Hayes et al. 2010 ), limited galaxy sample size (Ciardullo et al. 2014) , or the lack of Lyα LF (Oteo et al. 2015) . Moreover, the measurements of both individual and volumetric Lyα escape fractions are very sensitive to the extinction correction of the Hα sample. In our previous work , hereafter An14), we employed the Calzetti et al. (2000) extinction law and assumed the same color excess (E(B−V )) for nebular lines and the stellar continuum to correct the dust attenuation for Hα emitters at z = 2.24, following the same method widely adopted in previous studies on high-z galaxies. Recently, accumulating evidence has suggested that emission lines tend to be more attenuated than the stellar continuum in high-z galaxies (e.g., Förster Schreiber et al. 2009; Wuyts et al. 2013; Reddy et al. 2015) . Wuyts et al. (2013) found an extra extinction related to the H II regions after calibrating Hα-derived SFR with UV + IR-derived SFR. With highquality near-IR (NIR) spectroscopic data, Reddy et al. (2015) carried out a detailed study of dust attenuation of SFGs at z ∼ 2 and found that the attenuation difference between ionized gas and stellar continuum strongly correlates with the SFR.
In this work we present our measurements of the Lyα escape fraction. We carry out a deep narrowband imaging survey through the custom-made NB393 filter in the Extended Chandra Deep Field South (ECDFS) to search for Lyα emitters at the same redshift as the Hα emitters presented in An14 . With the multiwavelength data of the ECDFS, we identify the Lyα emitters and determine the observed Lyα LF. Combining the Lyα sample of Nilsson et al. (2009) and Hα sample of Sobral et al. (2013) , we compare the properties of Lyα and Hα emitters in the COSMOS field. We investigate the influence of extinction correction by using different extinction laws together with different assumptions of color excess for nebular lines. Section 2 presents the observations and data reduction. We describe how to measure the continuum and select Lyα emitters in Section 3. Our main results are shown in Section 4 and we discuss and summarize our results in Section 5. Throughout this paper we adopt a cosmology with [Ω Λ , Ω M , h 70 ] = [0.7, 0.3, 1.0]. The AB magnitude system (Oke 1974 ) is used unless otherwise stated.
OBSERVATIONS AND DATA REDUCTION
With Megacam on board the Magellan II telescopes (Shectman & Johns 2003) , we obtained deep narrowband imaging data through the custom-made NB393 filter (λ c = 3935.3Å, ∆λ = 75.7Å), which is designed to identify Lyα emitters at the same redshift as the Hα emitters in our previous work An14. The NB393 observations were carried out under seeing conditions of ∼0.
′′ 6 with a total integration time of 11.75 hr over three nights from 2011 December 27 to Dec 29 (PI: J.-S. Huang). In total, 47 exposures were taken, each with exposure time of 900 s. The pointing was slightly dithered to cover the small gaps between CCDs. Broadband imaging data from the MUSYC survey are used to determine the continuum under the Lyα. We show the transmission curves of NB393 and MUSYC U -and B-band (Gawiser et al. 2006) in Figure 1 . The U -band science image from MUSYC is relatively shallow and only 45% of NB393-detected sources have counterparts in the U -band. We construct SEDs from the U, B, V, Rband photometry for all NB393 sources and interpolate the continuum at 3935.3Å. Megacam's focal plane detector consists of 36 CCD42-90 CCDs manufactured by E2V, each with 2048 × 4608 pixels, and covers a large field of view 25 ′ × 25 ′ with a pixel scale of 0. McLeod et al. 2015) . The NB393 observations cover the survey area of 20 ′ × 20 ′ for Hα emitters in ECDFS. The narrowband data used in this analysis are part of a narrowband survey program (C.-N. Hao et al. 2017, in preparation) .
We reduce the data following the Megacam data reduction procedure presented by Matthew L. N. Ashby 1 and using the software IRAF together with the Megared package 2 . In the reduction procedure, bias subtraction is done in a standard way. About 20 twilight flat fields taken at the beginning and the end of each observing night are used to generate an average frame for flat fielding. Also, a mean sky background frame is created by combining individual exposures with objects masked. This mean sky background is scaled to match the background of each exposure image and removed in order to get rid of the changes in background due to the off-axis scattered light. The MUSYC catalog from Cardamone et al. (2010) is used for astrometric calibration. The software tool Swarp (Bertin et al. 2002 ) is used to mosaic 36 CCD images of each exposure into a single frame image, and co-add all exposures into the final mosaic image.
We perform photometric calibration for our narrowband imaging data by matching the observed colors of stars to model colors from the BPGS library (Gunn & Stryker 1983) . First, we identify stars from the MUSYC catalog (Cardamone et al. 2010 ) with SExtractor (Bertin & Arnouts 1996) CLASS-STAR parameter > 0.95 and U -band total magnitude 17.5 ≤ mag U ≤ 21.5. The left panel of Figure 2 shows the aperturematched U BV colors of the total of 65 stars (gray squares) in good agreement with the model colors by convolving star spectra of BPGS with MUSYC U BVband transmission curves. We also extracted the empirical point spread functions (PSFs) from MUSYC and NB393 imaging data using these point sources and derived the correction for the aperture photometry with a diameter (D) of 2 ′′ . The FWHM of the PSF is 0. ′′ 62 in the final NB393 science image. After that, we matched aperture-corrected NB393 fluxes to the MUSYC photometric system and calibrated the photometry for our narrowband data by matching the U −NB393 and B − V colors of the above 65 stars to the model colors from BPGS as shown in the right panel of Figure 2 . The final reduced NB393 image covers a 626 arcmin 2 area where the 5 σ depth within the D = 1.
′′ 6 aperture corresponds to 26.4 mag for point sources.
3. SAMPLE SELECTION
Source Detection and Continuum Measurement
We use the software SEXtractor to detect sources in the NB393 image, and the detection of a source requires a minimum of 10 contiguous pixels above 2.0 σ of the background. The exposure map is taken as the weight image to reduce spurious detections in low signalto-noise ratio (S/N) regions. In total, 34,530 sources are securely detected. We separate stars from detected sources through their NB393 JK s colors and the flux ratio of different apertures and the SExtractor CLASS-STAR parameter. Firstly, we convolve the NB393 image with the K s -band PSF to match the spatial resolution of the CFHT/WIRCam JK s -band images (Hsieh et al. 2012) . We identify 832 stars with the separations of the NB393 JK s colors and flux ratio of the apertures of di- ameter 1 ′′ and 4 ′′ (> 0.23) and CLASS-STAR parameter > 0.95. Excluding stars, we obtain a catalog of 30,174 sources over the 626 arcmin 2 area. We then derive the continuum C393 between 3880 and 3990Å for these objects by fitting their SEDs with U, B, V, R-band data from MUSYC. The aperturematched (D = 1.
′′ 6) colors are obtained using the same method described in Cardamone et al. (2010) . The default template set from EAZY (Brammer et al. 2008 ) is used to fit SEDs with a fixed redshift z = 2.24. To estimate the continuum at NB393, fixing the redshift of SEDs at z = 2.24 is appropriate for LAEs. However, spectral features of Lyα absorption at z = 2.24 may affect the continuum estimation for sources at other redshifts. We reduced this influence by interpolating the continuum from the continua next to the absorption. Eleven objects are not resolved in the MUSYC images and excluded from our catalog. Finally, we obtain the SEDs of 30,163 sources. We then derive the model fluxes of NB393 and MUSYC B-band by convolving the SEDs with the respective transmission curves. The model fluxes of the continuum, C393 SED , are matched to the MUSYC photometric system by multiplying with the ratio of B aper /B SED . Here, B aper is the aperture-corrected B-band flux.
We convolve the NB393 image with the B-band PSF to match the spatial resolution of the MUSYC B-band image. We use the same aperture (D = 1.
′′ 6) and the aperture correction in the B-band from Cardamone et al. (2010) for the NB393 photometry to match its flux to the MUSYC photometry. Therefore, the color of C393 and N 393 is matched indirectly. 
Selection of Emitter Candidates
The method of selecting emitter candidates is the same as the one in An14. The narrowband excess is determined by a significance factor Σ and a cut in the rest-frame equivalent width (EW) of an emission line represented by the dashed blue lines in Figure 3 . Σ is the significance factor of the combined background noise of the broad and narrow bands as shown in Equation (1) in An14. In this work, the MUSYC B-band is used as the broadband.
Since the observed Lyα emission line will be heavily attenuated by dust and resonantly scattered by neutral H I gas, the empirical cut for Lyα is lower than that for Hα (e.g., Nilsson et al. 2009; Guaita et al. 2010; Hayes et al. 2010) . In this work, we adopt 30Å as a cut, which is estimated by the dispersion envelope as shown in Figure 3 .
Finally, we select 254 Lyα emission-line candidates with Σ > 3 and EW > 30Å, marked by red symbols in Figure 3 . We visually examined the candidates in the NB393 and MUSYC images and found 13 of them to be close to a bright source in the MUSYC images Color-magnitude diagram for NB393-detected sources. The NB393 magnitude is the M AG BEST given by SEXtractor, and C393 refers to the continuum magnitude derived from SEDs. The gray scale image shows the number density of NB393-detected sources with secure Bband counterpart (> 5 σ). The solid points represent the NB393 sources with 3 σ < mag B < 5 σ. We use the B band 3 σ limit as the continuum for the NB393 sources with mag B < 3 σ directly and we show their color lower limit with upward arrows. The gray dashed line denotes continuum equal to the 3 σ limit in the B-band as a function of NB393 magnitude. The blue dashed lines represent the limitation due to background noise at the Σ = 3 level and the excess cut corresponding to the rest-frame EW = 30Å. The red symbols show the 254 emission-line candidates with Σ > 3 and EW > 30Å. Candidates with mag B > 5 σ are marked with red crosses. There are 35 of the 56 Hα emitters of An14 are detected in the NB393 observations and shown by light green diamonds. The blue squares mark the candidates with spec-z = 2.2.
and their continua are thus difficult to estimate correctly. Therefore, we removed these sources for simplificity. The possible emission lines contaminating Lyα are [O II]λ3727 at z = 0.06 and the doublet line of C IVλλ1548,1550Å at z = 1.54 from active galactic nuclei (AGNs). We point out that the [O II] emitters would have a comparatively tiny cosmic volume and are too few to contaminate our sample. On the other hand, the local universe [O II] emitters would have a rather extended appearance and stand out clearly in our catalog. Our visual examination confirms that none of our candidates is an [O II] emitter. We cross-correlate our sample with the 4 Ms Chandra observations of the ECDFS (Xue et al. 2011) . Six of the 241 sample galaxies are found to be X-ray sources (ID=29, 101, 257, 440, 473, 720 in the Chandra catalog) and are all classified as AGNs with L 0.5−8 keV ≥ 3 × 10 42 erg s −1 . However, previous works have revealed that the sample of Lyα emitters contains a comparable fraction of AGNs at this redshift (Nilsson & Møller 2011) . We cannot determine whether these six sources are LAEs at z = 2.24 or C IVλλ1548,1550Å at z = 1.54. Nevertheless, we keep the X-ray sources in our sample and come back to this in Section 4.4.
4. THE Lyα ESCAPE FRACTION AT Z = 2.24
Observed Lyα and Hα luminosities
We aim to study the connections between Lyα and Hα emitters at the same cosmic time. The NB393 observations overlap with the survey area of the 56 Hα emitters from An14, yielding 124 of 241 LAEs in the overlapping region of 383 arcmin 2 . Four of the 124 Lyα emitters are also Hα emitters. In turn, 35 of the 56 Hα emitters are detected in NB393, which are marked by light green diamonds in Figure 3 . The reasons that two kinds of emitters are seldom overlap have been discussed in several studies (e.g., Hayes et al. 2010; Oteo et al. 2015) . In short, the two lines have different sensitivity to dust absorption, and the Lyα emission line can be resonantly scattered, resulting in the narrowband-selected Lyα and Hα emitters coming from different populations. Lyα emitters are relatively less massive and contain less dust than Hα emitters. We abbreviate these common emitters as Lyα and Hα emissions (LAHAEs).
The MAG BEST from SExtractor is used as the total magnitude to determine the Lyα luminosities. Contributions from the continuum are subtracted using C393 − N B393 colors. We present the observed Lyα and Hα luminosities in the overlapping region of the ECDFS at z = 2.24 in Figure 4 . The Hα emitters without Lyα emission-line detection are presented as red triangles, and the Lyα emitters without Hα detection are shown as blue triangles. The green solid points are the four LAHAEs with error bars to show 1σ photometric uncertainties.
Extinction correction
As described earlier, extinction correction for Hα emission is crucial in estimating the Lyα escape fraction. For our 56 Hα emitters, we have fitted their SEDs by using 12 band imaging data from MUSYC U (Gawiser et al. 2006) to CFHT/WIRCam K s (Hsieh et al. 2012) and narrow H 2 S1-band data. Details of the photometry and aperture-matched colors can be found in section 3.2 in An14. In An14, the dust attenuation was estimated by SED fitting, and extinction correction for the 56 Hα emitters was made using the Calzetti extinction law (Calzetti et al. 2000) with the assumption of an identical color excess for stellar and nebular regions (E(B − V ) cont = E(B − V ) nebu ). However, recent studies show that the nebular emission lines suffer an increasing degree of obscuration relative to the continuum, and the Galactic extinction curve is favored for the lines (e.g., Förster Schreiber et al. 2009; Wuyts et al. 2013; Reddy et al. 2015) . We repeat the extinction correction for the Hα emitters using the Cardelli et al. (1989) Galactic extinction law with R v = 3.1 and the prescription of nebular color excess in Wuyts et al. (2013) . To investigate how extinction corrections influence both the individual and global Lyα escape fractions presented in Section 4.3 and Section 4.4, we also use the Calzetti extinction law and assume the same color excess for the ionized gas and stellar continuum as widely adopted in the literature.
Replacing the Calzetti extinction law with the Cardelli Galactic extinction law only causes a discrepancy of < 0.01 mag in dust attenuation for the Hα continuum, but a discrepancy of 0.58 mag for the Lyα continuum. Therefore, the change of extinction laws affects neither individual nor global Lyα escape fraction. In this work, we firstly correct Hα luminosities for the dust attenuation derived from the continuum (A cont ). Then we employ the prescription given in Wuyts et al. (2013) ,
to correct the extra extinction for Hα emitters. For Lyα emitters, we use the E(B − V ) nebu derived from A nebu = Acont + Aextra, where Aextra is derived by using the prescription in Wuyts et al. (2013) . Three X-ray sources are marked by red squares.
nebular dust attenuation of Hα emitters (A nebu = A cont + A extra ) and the Cardelli et al. (1989) extinction law to correct the dust extinction. We connect the dustcorrected data points (open circles) and the observed Lyα and Hα luminosity data points with dotted and dotted-dashed lines in Figure 4 . The black circles represent the luminosities corrected by A cont and the color circles show the data corrected by A nebu . It is obvious that the assumption of nebular color excess will largely influence the extinction correction and our main results.
The magenta dashed line in Figure 4 shows the intrinsic Lyα/Hα luminosity ratio of 8.7 for the case B recombination. It can be seen that two of the LAHAEs have Lyα/Hα ratio > 8.7 even if only A cont is used to correct extinction. Additional extinction correction for LAHAEs increases their number from two to three and makes the extinction-corrected Lyα/Hα ratio deviate further away from the theoretical ratio in case B. It suggests that the assumption of case B recombination may not be a good approximation at high redshift (Song et al. 2014 ). It might be partially attributed to the dust attenuation curve in high-z galaxies differing from the adopted ones for local galaxies (Buat et al. 2012; Zeimann et al. 2015) or/and the large uncertainties in the correlation between nebular and stellar color excess (Wuyts et al. 2013; Reddy et al. 2015) .
We also plot eleven LAHAEs (small blue solid points in Figure 4 ) in the COSMOS field where the Lyα emitter sample is from Nilsson et al. (2009) and the Hα emitter sample is from HiZELS survey (Sobral et al. 2013) . Nilsson & Møller (2011) performed a detailed analysis and estimated dust extinction for 58 Lyα emitters. Three of the eleven LAHAEs are also in the 58 sources. We thus correct dust attenuation for their Lyα and Hα luminosities. From Figure 4 we see that two of the three LAHAEs also have their intrinsic Lyα/Hα ratio larger than the theoretical estimate with case B recombination. Figure 5 shows the difference between the dust attenuation of recombination line photons and continuum photons at 6563Å as a function of SFR. We calculate the SFR from Hα luminosity using the formula given in Kennicutt & Evans (2012) . A trend is clearly seen with the difference of dust attenuation between ionized gas and stellar continuum increasing with SFR. This is consistent with the result of Reddy et al. (2015) based on a detailed study of dust attenuation in z ∼ 2 SFGs using NIR spectroscopic data.
For the four LAHAEs in our sample, one is an Xray source with absorption-corrected rest-frame 0.5-8 keV luminosity of 2.60 × 10 43 erg s −1 and is classified as an AGN (Xue et al. 2011) . For the LAHAEs in the COSMOS field, 4 of 11 are identified as AGNs (Nilsson & Møller 2011) . The fraction of AGNs in LAHAEs is roughly one-thrid for the ECDFS and COSMOS samples.
Lyα escape fraction in Individual galaxies
For the sample of 56 Hα emitters, we individually correct their dust attenuation. With the assumption of negligible optical depth in all but the Lyman series, the assumption of case B recombination Baker & Menzel (1938) can properly reproduce observations of hydrogen emission from ISM. We adopt the theoretical value of L Lyα /L Hα = 8.7 as the standard Lyα/Hα line ratio. Then we estimate the Lyα escape fraction for individual galaxies using:
where L obs (Lyα) is the observed Lyα luminosity and L int (Hα) is the dust-corrected Hα luminosity. We present the Lyα escape fraction as a function of nebular dust extinction for the 56 Hα emitters in Figure 6 . Since 52/56 Hα emitters do not have secure Lyα detections, we use the 5 σ limit of Lyα luminosity, log (L Lyα ) = 43.55, to derive the upper limit of the Lyα escape fraction for these sources. The four LAHAEs are shown as green solid points and the three dust-corrected LAHAEs from the COSMOS field are also plotted in Figure 6 as small blue points. It is obvious that dust prevents the escape of Lyα photons. Thus f esp decreases as the dust attenuation increases, as shown in Figure 6 . The correlation between f esp and E(B − V ) nebu can be described by the function:
where C Lyα is a constant coefficient and k Lyα is the extinction coefficient Atek et al. 2014; Matthee et al. 2016a) . By minimizing the χ 2 for all data points, we find that the best-fit parameters are C Lyα = 0.22 ± 0.04 and k Lyα = 3.62 ± 0.32. We also fit the correlation only using the four LAHAEs in the ECDFS, yielding the best-fit parameters of C Lyα = 0.39 ± 0.08 and k Lyα = 4.38±0.41 as shown by the green solid line in Figure 6 . We plot in Figure 6 the results from previous works for comparison. We point out that Matthee et al. (2016a) also used the sample from the HiZELS survey (Sobral et al. 2013 ) but with a new Lyα sample. The decrease of Lyα escape fraction with extinction is slightly steeper and higher than that given in Matthee et al. (2016a) and Atek et al. (2014) . However, we notice that Matthee et al. (2016a) used the Calzetti extinction law with an assumption of E(B − V ) nebu = E(B − V ) cont . Therefore, we also fit the f esp − E(B − V ) relation by using A cont -corrected Hα emitters and show the results with the black long-dashed line in Figure 6 . Clearly, a good agreement is obtained then, implying that the assumption of nebular color excess is key to fitting the f esp -E(B − V ) correlation. Atek et al. (2014) employed the gas-phase dust extinction and Cardelli extinction law as we did but for a lower-redshift sample at z = 0.3.
We argue that the discrepancy in the f esp −E(B −V ) relation between our work and Atek et al. (2014) is probably caused by the different properties of SFGs at highz, like having a much higher frequency of clumpy and irregular structures (e.g., Shapley 2011, and references therein). As for the significantly steeper slope of the f esp − E(B − V ) relation in Hayes et al. (2011) , it may be caused by missing dusty galaxies as explained in Oteo et al. (2015) and Matthee et al. (2016a) .
We list the coordinates, observed Hα luminosities, dust attenuation (A V ), nebular extinction-corrected Hα luminosities, the NB393 magnitudes, the SED-derived continuum, the Lyα luminosities, and the Lyα escape fractions of our 56 Hα emitters in Table 1 . It can be seen that A V for these LAHAEs range from zero to ∼ 2.5. Although the nearly dust-free LAHAEs do have larger Lyα escape fraction, their f esp are still smaller than 50%. Therefore, the lack of dust appears does not appear to be a requirement for the escape of Lyα photons. The resonant scatter on the neutral H I gas can contribute to more than half of the suppression of Lyα escape in some cases. We notice that the different assumptions of nebular color excess will cause a discrepancy of up to ∼ 3 percentage points in individual Lyα escape fraction estimation. Besides the four LAHAEs, the Lyα escape fraction of Hα emitters is the upper limit as described above. The NB393 magnitudes and the SED-derived continuum are only available for 35/56 Hα emitters that have NB393 detections. We mark the Lyα luminosity as "−99.99" for the sources that have negative N B393 − C393 colors. The other properties, such as stellar mass and morphology, for the 56 Hα emitters can be found in table 2 of An14.
The volumetric Lyα escape fraction at z = 2.24
The other main purpose of this work is to estimate the global Lyα escape fraction at z = 2.24. We determine the Lyα LF using our 235 Lyα emission-line galaxies. Six X-ray sources are excluded to avoid AGN contamination as we did for Hα LF. Therefore, our main results are not affected by whether these X-ray sources are C IVλλ1548,1550Å contaminations. We perform the same Monte Carlo simulation as described in An14 to derive the detection completeness as a function of observed Lyα luminosity. The only difference is the assumption of EW distribution. The EW distribution of Lyα emissionline galaxies can be best fitted with an exponential law, dN/dEW = N exp −EW/ω0 (Guaita et al. 2010) , rather than the log-normal distribution for Hα emitters. In this work, the best-fit exponential scale is ω 0 = 38.3 ± 2.9Å with χ 2 = 11.1, which is shown by the red line in Figure 7 .
The total coverage of 626 arcmin 2 and the redshift span of 2.205 < z < 2.299 correspond to a comoving volume of 1.29 × 10 5 Mpc 3 . By dividing our sample into six bins in log(L Lyα ) from 41.7 to 43.2 and taking the completeness correction, we obtained our Lyα LF data points as shown in Figure 8 . The error bars mainly represent the Poisson noise. We fit the data points with a Schechter function (Schechter 1976 ) using the standard χ 2 minimizer, providing the best-fit parameters L ⋆ = 10 42.48±0.15 erg s −1 , α = −1.62 ± 0.18 , Φ ⋆ = (1.16 ± 0.64) × 10 −3 Mpc −3 . We calculate the Lyα luminosity density by integrating our observed Lyα LF presented in Figure 8 (black solid line) and obtain ρ obs (L Lyα ) = (8.12 ± 2.13) ×10 39 erg s −1 Mpc −3 . We update the Hα LF from An14 with the improved extinction correction. The extra extinction correction for nebula, in effect, transfers the apparently faint galaxies to the brighter, shallower faint-end slope of Hα LF with α = −1.19 ± 0.25 (red short-dashed line in Figure 8) . The Hα luminosity density does not change much because of the degeneracy of the three Schechter parameters. The updated intrinsic Hα luminosity density is ρ int (L Hα ) = (2.52 ± 1.63) ×10 40 erg s −1 Mpc −3 . Then we determine the volumetric Lyα escape fraction using
We obtained the global Lyα escape fraction at z = 2.24 to be (3.7 ± 1.4)%. We also calculate the intrinsic Hα luminosity density by integrating the Hα LF given in An14 to see the difference due to the update of extinction correction and obtain ρ int (L Hα ) = (3.30 ± 2.31) ×10 40 erg s −1 Mpc −3 . The consequent volumetric Lyα escape fraction based a Nebular dust extinction-corrected Hα luminosities; b " < " means that the Lyα escape fraction is the upper limit; c Hα emitters without NB393-band detection; d Hα emitters have negative N B393 − C393 color; * Three X-ray sources. on A cont -corrected Hα LF (blue long-dashed line in Figure 8) is (2.8 ± 1.2)%. Despite the large uncertainty due to the small sample size, we conclude that nebular extinction correction may cause a deviation of ∼ 1 percentage point in the global Lyα escape fraction.
The Lyα LFs at z = 2.2 from previous studies are also shown in Figure 8 for comparison. Except for Hayes et al. (2010) , who has a shallower faint-end slope, our results agree well with the Lyα LFs from the literature. Konno et al. (2016) 
DISCUSSION AND CONCLUSION
We have described a search for Lyα emitters at the same redshift as the Hα emitters in the ECDFS from An14. We identified 241 Lyα emitters with an excess in color C393 − N B393. C393 is estimated from best-fit SEDs with MUSYC U BV R imaging data. Six of the 241 are X-ray sources detected in the Chandra 4 Ms observations and all of them host an AGN in terms of X-ray luminosity. Although one of the six sources also has Hα emission, we cannot exclude that they might be emitters of doublet lines of C IVλλ1548,1550Å, which can also be detected through the NB393 filter. We fix the redshift of SEDs at z = 2.24 to estimate the continuum in NB393. Although the Lyα absorption at this redshift will influence the estimate of the continuum, we reduced the influence by interpolating the continuum beside the absorption. We note that underestimate of the continuum has a negligible detrimental effect on our main results. From Figure 3 , we can see the scatter of C393 − N B393 centered at zero is reasonably small. The EW cut is estimated from the dispersion envelope of C393 − N B393 color.
Among 124/241 LAEs in the overlapping area of 383 arcmin 2 in the ECDFS, only four sources are also Hα emitters. One of the four LAHAEs is an X-ray source and classified as an AGN in Xue et al. (2011) . Together with LAHAEs from COSMOS, we derive the AGN fraction in LAHAEs to be about 1/3. Matthee et al. (2016a) performed a detailed study of Lyα emission for Hα-selected galaxies at z = 2.23 in COSMOS and UDS fields and found 5/17 LAHAEs are AGNs. Our fraction of AGNs is also similar to the AGN fraction among luminous Hα emitters at z ∼ 0.8-2.23 (Sobral et al. 2016a) . From Figure 4 , we can see that all of the AGNs in LAHAEs are also luminous Hα emitters.
We use the extinction-corrected Hα luminosity to deduce the intrinsic Lyα luminosity and calculate the Lyα escape fraction. Naturally, the correction of dust attenuation for Hα emitters is a key issue in our work. The Calzetti extinction law is used for the stellar continuum. Here, we updated the extinction correction for 56 Hα emitters by employing the Cardelli et al. (1989) Galactic extinction curve. Since the discrepancy between extinction coefficients at 6563Å of these two curves is negligible (< 0.01 mag), our main results on the Hα emission are not affected. For the Lyα continuum at 1216Å, the extinction coefficients (k Lyα ) of the Cardelli curve is 1.7 times that of Calzetti extinction law. It follows that the extinction-corrected Lyα luminosities for the four LAHAEs are largely affected. The other key issue in extinction correction is the relation between the color excess of the stellar continuum and nebular emission line. As confirmed by previous studies, the Calzetti's prescription with E(B − V ) cont = 0.44 E(B − V ) nebu is no longer suitable for highredshift SFGs (e.g., Erb et al. 2006; Wuyts et al. 2013; Reddy et al. 2015) . Wuyts et al. (2013) suggested that an extra extinction correction is needed for high-z H II regions. We use their prescription to correct the extra extinction for both Hα and Lyα emitters. As shown in Figure 5 , the difference in the dust attenuation between ionized gas and stellar continuum increases with SFR. This strong correction was found by Reddy et al. (2015) who did a detailed investigation of dust attenuation based on z ∼ 2 SFGs using NIR spectroscopic data.
The three LAHAEs in the COSMOS field are also corrected for SED-derived extinction with the Cardelli extinction law and an extra extinction for the nebular region as described above. In total, five of the seven LAHAEs have extinction-corrected Lyα/Hα ratio larger than the theoretical prediction of case B recombination. Song et al. (2014) also found two of nine near-IR spectroscopically identified LAHAEs having intrinsic Lyα/Hα ratio above that of case B recombination. This could be due to a higher intrinsic Lyα/Hα ratio in star-forming regions of high-redshift emitters than that of case B recombination. For example, the more complicated geometry and kinematics of the H I region may enhance the emission of Lyα as explained by Song et al. (2014) . It is worth noting that one of these four sources is an AGN. Another possibility is that the collisional excitation by shock from AGNs or supernova-derived winds contributed to the emission of Lyα. For highredshift galaxies, extinction correction is one of the major sources of uncertainties. We stress that our estimate of dust attenuation is along the line of sight and limited by A V ≤ 2.75 mag adopted by the dusty starburst template in EAZY (Brammer et al. 2008 ). This apparently underestimates dust attenuation for galaxies with A V > 2.75. It has been shown that the dust attenuation curve at high redshift is correlated with other properties, like stellar mass and galaxy spectral type (e.g., Buat et al. 2012; Zeimann et al. 2015) . Although higher attenuation is suggested for nebular lines compared to the stellar continuum, we should note that the uncertainties remain large (e.g., Förster Schreiber et al. 2009; Wuyts et al. 2013; Reddy et al. 2015) . Still, an anti-correlation is seen between the Lyα escape fraction and dust attenuation in Figure 6 . In addition, an extra extinction correction for the H II region leads to a steeper f esp − E(B − V) correlation than the case where only continuum extinction correction is adopted.
To build the Lyα LF in the ECDFS at z = 2.24, completeness as a function of Lyα luminosity is carefully estimated via Monte Carlo simulation and is applied to the observed Lyα LF. We removed the six X-ray sources to avoid the AGN contamination. The volumetric Lyα escape fraction derived from the extinction-corrected Hα LF and observed Lyα LF in the ECDFS is (3.7 ± 1.4)%. The way we used to determine the global Lyα escape fraction is to compare the observed Lyα and intrinsic Hα luminosity densities. The advantage of this method is its independence from empirical correction for ionizing fluxes. However, this method is very sensitive to Hα extinction correction. Although the different extinction laws we used in this work and An14 do not change the Hα LF and thus do not affect our main results, the variation in the nebular color excess of extinction leads to a discrepancy of ∼ 1 percentage point on the global Lyα escape fraction at z = 2.24. Considering the small value of the Lyα escape fraction at this epoch (≤∼ 5%; e.g., Hayes et al. 2010; Matthee et al. 2016a ), we cannot ignore this ∼ 1 percentage point deviation. There are large uncertainties in our results because the Hα sample is small. Although larger surveys of Hα and Lyα emitters at z ∼ 2 have been carried out (e.g., Lee et al. 2012; Sobral et al. 2013; Matthee et al. 2016a) , from the observations and studies presented here, we make the case for appropriate extinction correction to be adopted for the ionized gas.
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